INTRODUCTION
The superfamily of nuclear hormone receptors can be classified into two subgroups according to their hormone-response elements [1] . The receptors for steroid hormones such as glucocorticoid, mineralcorticoid, progesterone, androgen and oestrogen (ER) recognize palindromic DNA sequences as homodimers. On the contrary, vitamin D receptor (VDR), retinoic acid receptor (RAR), thyroid hormone receptor (TR) and peroxisome-proliferator-activated receptor (PPAR) bind to direct repeats of the hexanucleotide 5h-AGGTCA-3h motif as heterodimers with retinoid X receptor (RXR). The specificity with respect to the nuclear receptors is dictated by the number of nucleotides between the direct repeats of the two hexanucleotide sequences [2, 3] .
PPAR, a member of the nuclear hormone-receptor superfamily, is a ligand-dependent transcription factor. Three isoforms of PPAR (α, γ and δ) have been described to date [4] . Among them, PPARγ is expressed predominantly in adipose tissue and is involved in the adipose differentiation process [5, 6] . PPAR regulates the transcription of target genes by binding, as a heterodimer with RXR, to cis-acting DNA elements called PPAR response elements (PPREs), in the regulatory regions of the genes. The core motif of natural PPREs has been recognized as a direct repeat of two hexanucleotides spaced by one nucleotide (the DR1 motif ) [4] . Moreover, it was reported recently that the upstream flanking sequences of the core motif influence the binding of the PPAR\RXR heterodimer. Accordingly, the consensus sequence of the natural PPREs has been identified as 5h-Abbreviations used : DR1 motif, direct repeat of two hexanucleotides spaced by one nucleotide ; ER, oestrogen receptor ; Pal3 motif, a palindromic sequence with three bases as spacers ; PPAR, peroxisome-proliferator-activated receptor ; PPRE, PPAR response element ; RAR, retinoic acid receptor; RXR, retinoid X receptor ; TR, thyroid hormone receptor ; VDR, vitamin D receptor. 1 To whom correspondence should be addressed : Department of Microbial Chemistry, Nagoya City University (e-mail imagawa!phar.nagoyacu.ac.jp).
amounts of PPARγ and RXRα was a perfect DR1 motif, whereas a relatively large population of Pal3 was observed when a 30-fold molar excess of PPARγ over RXRα was used. Gel-shift analysis revealed that the PPARγ homodimer could bind to Pal3 and that the affinity constant of the PPARγ homodimer for Pal3 was nearly the same as that of the PPARγ\RXRα heterodimer for DR1. The addition of RXRα decreased the binding affinity of PPARγ for Pal3, indicating that the DNA-binding specificity of PPARγ could be altered by heterodimer formation with RXRα.
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AACTAGGTCAAAGGTCA-3h [7, 8] (with the hexanucleotides underlined). On the other hand, systematic binding studies in itro using direct-repeat elements with various spacers (0-5 bp ; DR0-DR5) revealed that the PPAR\RXR heterodimer bound with highest affinity to the DR1 element and to a lesser extent to the DR0 and DR2 elements [9, 10] . However, it is still not clear whether other hexamer configurations can constitute recognition sites for the PPAR\RXR heterodimer. RXR also forms heterodimers with VDR, RAR and TR [1] . Therefore, if these receptors were present at higher concentrations in a cell, the amount of RXR might be reduced by heterodimer formation. In the present study, PCR-mediated random site selection and gel-shift analyses were performed to examine the effect of RXRα on PPARγ-DNA binding. We showed that the presence of RXRα changes the binding specificity of PPARγ. PPARγ alone bound to the Pal3 motif (a palindromic sequence with three bases as spacers) as a homodimer, whereas equimolar amounts of PPARγ and RXRα bound preferentially to the DR1 motif as a heterodimer.
MATERIALS AND METHODS

Expression of recombinant proteins
PPARγ and RXRα were expressed as FLAG-tagged fusion proteins in Sf 9 cells using the Bac-to-Bac TM baculovirus expression system (Gibco-BRL). The full-length cDNAs encoding PPARγ and RXRα were inserted into the pFASTBAC1-FLAG donor plasmid. The recombinant plasmids were transformed into competent Escherichia coli DH10BAC cells and the transformation mixture was spread evenly over the surface of Luria-Bertani agar plates containing kanamycin (50 µg\ml), gentamicin (7 µg\ml), tetracycline (10 µg\ml), Bluo-gal (100 µg\ ml) and isopropyl β--thiogalactoside (40 µg\ml). Plates were incubated at 37 mC for selection of recombinant bacmid. The recombinant bacmid DNAs were prepared by a modified alkaline lysis method.
Sf 9 cells, a clonal isolate of the Sf21 cell line established from Spodoptera frugiperda, were seeded at 9i10& cells\35 mm well in 2 ml of Grace's Insect Medium (Gibco-BRL). For each transfection, 2.5 µl of bacmid DNA and 6 µl of CELLFECTIN reagent (Gibco-BRL) were each diluted with 100 µl of the medium, and then these two solutions were combined and incubated at room temperature for 30 min to allow lipid-DNA complexes to form, and the mixtures were overlaid on to the cells. After the cells were incubated at 27 mC for 5 h, the medium was removed and replaced with 2 ml of Grace's Insect Medium containing 10 % fetal bovine serum. After 3 days of transfection the viral supernatant was harvested and used to infect fresh insect cells for viral amplification. The supernatant was collected at 48 h post-infection, and re-infected into Sf9 cells at a multiplicity of infection of 5-10.
After 3-4 days of infection the Sf 9 cells were harvested and suspended in 0.1 M HM buffer (25 mM Hepes\KOH, pH 7.9\12.5 mM MgCl # \1 mM dithiothreitol\20 % glycerol\ 0.1 M KCl). The mixture was then sonicated for 2 min on ice with an ultrasonicator and centrifuged at 1000 g for 5 min at 4 mC. The supernatant was collected and the production of recombinant proteins was examined by Western-blot assay (results not shown).
Protein purification
The FLAG-tagged PPARγ and RXRα were affinity purified with M2 agarose (Sigma) from 24 ml of culture. The anti-FLAG M2 affinity gel suspension (0.4 ml) was washed with 0.1 M HM buffer three times and incubated with the cytosolic fraction containing the FLAG fusion proteins overnight at 4 mC. Thereafter, the mixture was washed with TBS (10 mM Tris\HCl, pH 7.5\150 mM NaCl) three times and the FLAG fusion proteins were eluted with 1-5 molar column equivalents of FLAG peptide (Sigma) in TBS.
Random binding-site selection
The sequences of the oligonucleotides used for the binding-site selection were as follows (BamHI and SalI restriction sites are underlined) : random oligonucleotide, 5h-AGAGCCACTTC-CTCAACGGATCCGTCN #( ATAGTCGACACTGTCAGTC-GTCTGAC-3h ; primer 1, 5h-AGAGCCACTTCCTCAAC-GGATCC-3h ; primer 2, 5h-GTCAGACGACTGACAGT-GTCGAC-3h.
The random oligonucleotide was rendered double stranded by PCR using AmpliTaq DNA polymerase (Perkin-Elmer) and primers 1 and 2. Enrichment for binding sites was performed by the filter-binding method [11] . The binding mixture contained purified protein (30 ng each of PPARγ and RXRα or 30 ng of PPARγ and 1 ng of RXRα) expressed by baculovirus, 5 µg\ml BSA, 0.3 µg of double-stranded random oligonucleotide, 125 mM EDTA and 3.5 µl of 10i binding buffer (100 mM Tris\ HCl, pH 7.5\50 % glycerol\10 mM dithiothreitol\10 mM EDTA). Each mixture was incubated for 30 min at room temperature. Thereafter, this solution was passed slowly through a presoaked nitrocellulose filter. The filter was washed three times with 3 ml of 1i binding buffer before the bound oligonucleotides were eluted with 100 µl of elution buffer containing 20 mM Tris\HCl (pH 7.5), 1 mM EDTA, 20 mM NaCl and 0.1 % SDS. The eluate was phenolized and then amplified by PCR using primers 1 and 2. The amplified products were put back into a binding reaction and this procedure repeated. After five rounds of enrichment, the selected oligonucleotides were digested with BamHI and SalI, labelled with [α-$#P]dCTP using Klenow DNA polymerase, and used as a probe for gel-shift analysis. The labelled amplified products were incubated with PPARγ and RXRα, and protein-DNA complexes were separated on a native polyacrylamide gel. The bound DNA was eluted with a solution of 0.5 M ammonium acetate, 1 mM EDTA, 0.1 % SDS, 10 % methanol and 50 µg\ml proteinase K. The eluate was phenolized and then amplified by PCR using primers 1 and 2. The amplified products were digested with BamHI and SalI and then subcloned into pBluescript KS. The clones obtained were sequenced using an ABI Prism 310 (Perkin-Elmer).
Gel-shift analysis
The sequences of the oligonucleotides for gel-shift analyses were as follows (only upper strands are shown ; bases in lower case indicate the linker sequence for a XbaI site) : Pal3, 5h-ctagTTACTAACTAGGTCACCGTGACCTAGTTCAGATC3h ; DR1, 5h-ctagTCTAGGGGTCAAAGGTCACCGGTC-3h ; Pal3 fl (wild-type) , 5h-ctagTTACTAAGTAGGTCACCGTGA-CCTACTTCAGATC-3h ; Pal3 mut (flanking sequences mutated), 5h-ctagTTACTTGAGAGGTCACCGTGACCTCTCA-CAGATC-3h. 5, 9, 12 in A, lanes 2, 5, 9, 12, 16, 19 in B), 30-fold (lanes 3, 6, 10, 13 in A, lanes 3, 6,  10, 13, 17, 20 in B) or 100-fold (lanes 4, 7, 11, 14 in A, lanes 4, 7, 11, 14, 18, 21 in B) of unlabelled oligonucleotides were used for the competition analyses. A protein fraction containing 30 µg of BSA, purified PPARγ and\or RXRα was mixed with the same volume of 20 mM Tris\ HCl (pH 7.5), 10 % glycerol, 2 mM dithiothreitol, 20 mM EDTA and 0.2 ng of labelled probe. The binding reaction was performed at room temperature for 30 min. Each reaction mixture was loaded on to a non-denaturing polyacrylamide gel, electrophoresed at 150 V for 1.5 h, fixed with 10 % methanol\ 10 % acetic acid and autoradiographed.
For Scatchard analyses, the gel-shift assays were performed as a function of DNA concentration by using a constant amount of protein. Following electrophoresis, gels were fixed, dried and exposed to an imaging plate. The radioactivity associated with free oligonucleotide and with receptor-oligonucleotide complexes was then quantified directly using an image analyser (BAS 2000, Fuji).
RESULTS
Identification of PPARγ-binding sequences
To clarify the effect of RXRα on the DNA-binding specificity of PPARγ, we employed the method of PCR-mediated random site selection. The PCR-amplified DNAs recovered after each round of selection were subjected to gel-shift analysis, and the enrichment of binding sites was detected (results not shown).
DNAs recovered after five rounds of selection were used for gelshift analysis, and the shifted DNA fragments were cloned into a plasmid vector and individual sequences were determined.
All oligonucleotides selected with equimolar amounts (30 ng each) of PPARγ and RXRα, 72 in total, contained the DR1 motif, but with a PPARγ\RXRα molar ratio of 30 : 1 the selected sequences were divided into three groups : six clones containing the DR1 motif, 28 clones containing the Pal3 motif and 25 clones containing other motifs. Other motifs were DR0 (seven clones), DR2 (three clones), DR3, Pal0, Pal4 (two clones each), DR4, DR9, Pal1, Pal10 (one clone each) and half sites (with only one hexanucleotide ; five clones). Thus only 10 % of the selected sequences contained the DR1 motif. These results suggest that the DNA-binding specificity was altered according to the ratio of PPARγ to RXRα.
Next, we aligned the sequences of the DR1 and Pal3 motifs recovered mainly by the random site selection under the two different sets of conditions (Figure 1 ). When equimolar PPARγ and RXRα were used, a clear DR1 sequence was obtained, with the A between the hexanucleotides as a consensus spacer sequence for DR1, as described previously [7, 8] . However, the 5h-flanking nucleotides of DR1 were not AACT, but NNAR ( Figure 1A) . The 5h-and 3h-flanking nucleotides of Pal3 obtained by the 30 : 1 molar ratio of PPARγ\RXRα were conserved as AAGT and ACTT, respectively (underlined below). Accordingly, the con-Dual DNA-binding specificity of peroxisome-proliferator-activated receptor γ 4 and 7) , of unlabelled oligonucleotides were used for competition analysis.
sensus sequence was identified as AAGTAGGTCACNGTGAC-CYACTT for the Pal3 motif ( Figure 1B) .
Differences in the DNA-binding properties between the PPARγ homodimer and the PPARγ/RXRα heterodimer
To ascertain whether the DNA-binding specificity was altered according to the ratio of PPARγ and RXRα, the gel-shift analyses were performed with radiolabelled DR1 or Pal3 oligonucleotides as a probe ( Figure 2 ). As expected, the PPARγ\RXRα heterodimer could form a complex with DR1 at the 1 : 1 molar ratio of PPARγ\RXRα (Figure 2A, lane 1) . On the other hand, the PPARγ homodimer could not bind to DR1 (Figure 2A, lane 15) . Accordingly, the DR1-protein complex was thought mainly to be the result of the formation of the PPARγ\RXRα heterodimer with the molar ratio of 30 : 1 ( Figure 2A, lane 8) . Unlabelled DR1 oligonucleotide successfully competed with the PPARγ\RXRα complex on the probe DR1 (Figure 2A, lanes 5-7 and 12-14) , but the Pal3 oligonucleotide scarcely or weakly inhibited binding to the DR1 (Figure 2A , lanes 2-4 and 9-11). These results suggest that the PPARγ\RXRα heterodimer binds to the DR1 element much more efficiently than to the Pal3 element. Therefore, on the basis of the competition experiments, at the PPARγ\RXRα molar ratio of 1 : 1, the Pal3-protein complex was thought mainly to be the result of the formation of the PPARγ\RXRα heterodimer ( Figure 2B, lanes 1-7) . On the contrary, a prominent Pal3-protein complex was also formed at the 30 : 1 molar ratio of PPARγ\RXRα ( Figure 2B , lane 8), and this binding was more strongly inhibited by Pal3 than DR1 ( Figure 2B, lanes 9-14) . Moreover, the PPARγ homodimer bound specifically to Pal3 ( Figure 2B, lanes 15-21) , suggesting that a 30-fold molar excess of PPARγ over RXRα allowed PPARγ to bind preferentially to Pal3 as a homodimer.
In order to substantiate the difference in binding properties seen in the gel-shift assay, we also determined the dissociation constants (K d ). The saturation curves and the derived Scatchard plots are shown in Figure 3 . The PPARγ\RXRα heterodimer bound to DR1 with a K d of 2.0 nM ( Figure 3A ) and to Pal3 with a K d of 7.9 nM ( Figure 3B ). However, the dissociation constant of the PPARγ homodimer for Pal3 (2.4 nM) was nearly the same as that of the PPARγ\RXRα heterodimer for DR1. Thus the PPARγ homodimer binds to Pal3 with higher affinity than the PPARγ\RXRα heterodimer binds to Pal3.
As shown in Figure 1(B) , four bases each of the 5h-and 3h-flanking nucleotides, besides the Pal3 motif, were also conserved. Therefore we next tested whether the flanking nucleotides of Pal3 are crucial for the binding of the PPARγ homodimer. Competition experiments were performed with the radiolabelled Pal3 fl (wild-type) oligonucleotide as a probe and either Pal3 fl or Pal3 mut (flanking sequences mutated) as a competitor. As shown in Figure 4 , the amount of oligonucleotide required for inhibiting complex formation with the radiolabelled probe was higher for Pal3 mut than for Pal3 fl, indicating that the flanking regions increase the binding affinity of PPARγ.
DISCUSSION
It has been well established that the PPAR\RXR heterodimer binds to a common consensus response element (PPRE), which consists of a direct repeat of two hexanucleotides spaced by one nucleotide (DR1) [4] . The four nucleotides immediately 5h of the DR1 motif are also highly conserved among known PPREs and exhibit a consensus of AACT. However, the contribution of the extended binding site is not obvious for PPAR\RXR heterodimer binding to elements containing a perfect DR1 motif, but rather it appears to facilitate the binding of the heterodimer to elements containing imperfect DR1 motifs [7, 8] . Therefore, since the consensus sequence selected by equimolar PPARγ and RXRα was a perfect DR1 motif, the 5h-flanking nucleotide might not be similar to that of the native PPREs.
In this study, when PPARγ was in excess of RXRα, it was found that PPARγ bound significantly to Pal3. Steroid-hormone nuclear receptors, such as glucocorticoid receptor, mineralcorticoid receptor, progesterone receptor, androgen receptor and ER, generally recognize palindromic DNA sequences as homodimers [1] . PPARγ also could bind with high affinity to Pal3 as a homodimer. It seems that the binding affinity of the PPARγ homodimer to Pal3 is almost the same as that of the PPARγ\RXRα heterodimer to DR1. The addition of RXRα, however, decreased the binding affinity of PPARγ for Pal3. These results suggest that the PPARγ homodimer and the PPARγ\RXRα heterodimer have different DNA-binding specificities ; the former binds preferentially to Pal3 and the latter to DR1.
Unlike the case of PPARγ, it was reported previously that the consensus sequence selected by the VDR\RXR heterodimer is essentially the same as that by the VDR homodimer [12] . The DNA-binding domain containing two zinc fingers is the most conserved domain among nuclear receptors. The amino acids between the first and second cysteines of the second zinc finger, the so-called D-box, are involved in contacts between dimerizing receptors [13] . Almost all nuclear receptors in the superfamily have five amino acids between the first and the second cysteines in the D-box, while PPARs have a unique D-box in which only three amino acids exist between the cysteines [4] . As a consequence, it is likely that the unique D-box might be responsible for the dual DNA-binding specificity of PPARγ.
Previous studies have demonstrated that ER can also bind to Pal3 [1] . Adipose tissue is a major site of oestrogen metabolism [14] , and is the predominant site of oestrogen production [15] . In addition to PPARγ [5, 6] , ERα [16] [17] [18] and the novel ERβ [19, 20] are expressed in adipocytes. Accordingly, competition for binding and functional interference between PPARγ and ER may occur in adipocytes.
In conclusion, we employed random binding-site selection and gel-shift analysis to clarify the binding specificity of PPARγ. It has been demonstrated that PPARγ can bind with high affinity to Pal3 as well as to the DR1 motif. However, it is necessary to note that this phenomenon is likely to occur only when the amounts of RXRα are limiting. Since RXRα also forms a heterodimer with VDR, RAR and TR [1] , it is quite possible that free RXRα is scarcely present in cells as a result of deprivation caused by the other nuclear receptors. In such cases, the PPARγ homodimer could bind to the Pal3 motif and regulate the transcription of target genes containing Pal3 but not DR1.
